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CAGED MEMBRANE-PERMEANT INOSfTOL PHOSPHATES 

BACKGROUND OF THE INVENTION 
This is a continuation-in-part of copending application Serial No. 08/475,758, 
filed June 7, 1996 which is a continuation in part of application Serial No. 
08/045,585, filed April 9, 1 993. This invention was made with Government Support 
^ 5 under Grant No. NS-27177, awarded by the National Institute of Health. The 
Government has certain rights in this invention. 

1, Field of the Invention 

The present Invention relates generally to biologically important phosphates 
10 such as second messengers. More particularly, the present invention relates to 
modifying second messengers to form derivatives which can be introduced into a 
cell without disrupting the cell membrane. Once inside the cell, the derivative is 
converted back to the biologically active second messenger. 

15 2. Description of Related Art 

The publications and other reference materials referred to herein to describe 
the background of the invention and to provide additional detail regarding its 
practice are hereby incorporated by reference. For convenience, the reference 
materials are numerically reference and grouped in the appended bibliography. 

20 Second messengers are ions or small molecules that carry information from 

the cell membrane to targets on the inside of the cell. They play a major role in 
biological signal transduction and arriplificatioh (1). A common feature of most of the 
known second messengers, such as adenosine 3',5'-cyclic monophosphate (cAMP) 
(2,3), guanosine 3',5'-cyclic monophosphate (4) (cGMP), myo-inositol-l ,4,5- 

25 triphosphate (1,4,6)^3) or myo-inositol-1,3,4,5-tetrakisphosjDhate (1,3,4,5)IPJ (5). is 
the presence of phosphates. The correct number and position of these phosphates 
is essential for biological specificity and also confers extreme hydrophilicity (6,7). 

The hydrophilicity of second messengers prevents endogenously generated 
molecules from leaking out of cells. As a result, high sensitivity is maintained within 

30 the responding cell and freedom from cross-talk between neighboring cells is 
achieved. However, the membrane impermeability of second messengers also 
makes deliberate extracellular application difficult or ineffective (2,6,8), even though 
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such intervention would often be very useful for research or therapeutic reasons. 

One approach for introducing phosphate containing compounds into cells 
involves using protective groups to reversibly convert the negatively charged 
phosphate compound into a neutral compound for transport through the cell 
5 membrane. The protective group is chosen so that it is enzymaticaiiy cleaved from 
the phosphate compound inside the cell to produce the original phosphate 
compound. For example, lipophilic, intracellularly hydrolyzable derivatives have been 
useful for amino, hydroxyl, and carboxylate moieties (9-12). Acetoxymethyl (AM) 
esters of polycarboxylate cation indicators and chelators are have also been used 

10 (12-14). Analogous acyloxyalkyi esters applied to phosphates are known, but they 
have been less widely exploited (15). 

On simple model phosphates, uses of AM esters have been limited to 
potential therapeutic drugs, such as phosphonoformate (foscarnet) (16), antiviral 
nucleotides such as 5-fluoro-2'-deoxyuridine monophosphate (17,18), and a 3- 

15 phosphonate-containing inhibitor of the insulin receptor kinase (19). The 
phosphonoformate esters proved not to be biologically useful due to failure to 
hydrolyze to the correct products (16). but esterification was found to enhance the 
effectiveness of the antiviral nucleotides and kinase inhibitor (17-19). 
Considerable work has been done on o-nitrobenzyl esters as photolyzable ("caged") 

20 derivatives of ATP (20), cyclic nucleotides (21,22), and inositol phosphates (23). 
However, the emphasis has been on producing a kinetically fast and complete 
transition from a monoester to the active freed phosphate metabolite (24,25), rather 
than as a general means of achieving membrane permeability, in addition, 
nitrobenzyl esters become cumbersome if more than one are required to mask 

25 negative charges, because multiple groups add considerable bulk and require high 
doses of UV to cause cleavage of all the groups. 

Although numerous different myo-inositol polyphosphates are possible, only 
about a dozen have been found in cells. Their intracellular functions are 
controversial or unknown, except for myo-inositol 1 ,4,5-triphosphate (IP3), whose role 

30 as an intracellular second messenger to release Ca^* from internal stores is 
unquestioned (26). The next most studied inositol polyphosphate is myo-inositol 
1 ,3,4,5-tetrakisphosphate (IP4). which is believed to cooperate with IP3 to open Ca^*- 
channels in the plasma membrane (27-30) or to resequester Ca^" released by IP3 
(31, 32). However, these hypotheses remain controversial (33-37). 

35 Almost nothing is known about intracellular functions for other inositol 

polyphosphates. Detailed dissection of the roles of inositol polyphosphates is often 
difficult if they are endogenously generated in response to agonists, since such 



.SDOCID: <WO 9826786Ai_l_> 



wo 98/26786 



• 




S97/22547' 



3 



Stimulation may affect multiple receptors. G proteins, diacylglycerol formation, 
multiple inositol polyphosphates, and yet other transduction pathways. Direct 
introduction of specific inositol polyphosphates is often preferable. 

The high negative charge of inositol polyphosphates results in negligible 
5 passive permeability through membranes. Existing methods for introducing Inositol 
phosphates include microinjection, patch-clamp techniques, and permeabilization by 
electroporation, detergents like saponin, or removal of extracellular Ca^"". All these 
methods breach the plasma membrane and jeopardize the more complex functions 
and long-term viability of the cells. Furthermore, microinjection and patch techniques 
10 can only be applied to a few cells at a time. 

In view of the above, there is a need to provide new compounds and 
procedures for increasing the membrane permeability of second messengers so that 
they can be introduced effectively into cells in amounts which are useful for 
investigational or therapeutic purposes. 



In accordance with the present invention, compositions and methods are 
provided, for increasing the permeability of phosphate-containing second messen- 
gers into a cell without disrupting the cell membrane. One aspect of the invention 

20 involves esterifying the phosphate groups present in the second messenger 
molecule to form an acyloxyalkyi ester derivative. The acyloxyalkyi ester of the 
second messenger has a neutral charge and therefor can permeate into the cell 
without disrupting the cell membrane. Once inside the cell, the esters are cleaved 
to convert the molecule back to its biologically active form. Acetoxymethyl esters 

25 worked well for cyclic nucleotide esters but proved insufficiently hydrophobic for 
inositol phosphates. Propionyloxymethyl and butyryloxymethyl esters are preferred 
for the latter class. 

We discovered that esterification of the inositol phosphates with acetoxy- 
methyl groups did not provide a sufficient increase in cell permeability to be useful, 

30 We discovered that more hydrophobic esters were required. Replacement of 
acetoxymethyl groups with propionyloxymethyl and butyryloxymethyl groups 
produces inositol phosphate esters which have much greater cell permeability rates 
while still being amenable to intracellular cleavage to form the active inositol 
phosphate. Inositol phosphates which have this high degree of cell permeability 

35 include those having the formula 



15 



SUMMARY OF THE INVENTION 



f 



u 



10 Jo 

R 

wherein R is an alkyl group having from 2 to 6 carbon atoms and R' is H or CH3 or 
15 R is CH3 and R' is CH3 and wherein at least one of to is a phosphoester having 
the formula set forth above. 

As a feature of the present invention. It was discovered that the release of 
active inositol polyphosphates within the cell can be accurately controlled by 
protecting or caging the 6-hydroxyl group of the Inositol polyphosphate ester with 
20 a photolabile protecting group. Upon entry of the caged inositol polyphosphate 
ester into the cell, all of the protecting groups, except the caging group protecting 
the 6-hydroxyl group, are enzymatically removed. The resulting caged inositol 
polyphosphate remains in the ceil in a inactive form until it is uncaged by exposure 
to ultraviolet light. This photoactivation feature allows one to accurately control the 
25 time when the active inositol polyphosphate is released within the cell. 

The caged membrane-permeant second messengers include compounds 
which have the following formulas: 




R4X-P-0 



R4X0 



R30 



OR2?Ri 
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Wherein R, is H. -CHO. COOCH3 or -COCH3; is H or -P(0)(0RJ(XR4); or R, and 
10 Rj together are -CHg-, -CHMe-, -CMeg-. -CH(OMe)-, .CMe(OMe)- or >C(OMe)2-; R3 is 
a photolabile protecting group; 

O O O 

.CH20"^CH3 -CH20-^CH2CH3 •CH20"^CH2CH2CH3 ; and 

X is O or S. 

The above described and many other features and attendant advantages 
20 of the present invention will become better understood by reference to the following 
description when taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is four graphic representations of the results of tests showing the 
25 kinase activation capability of BtgCAMP/AM in comparison to other derivatives. 

FIG. 2A is a graphic representation of the results of tests showing the 
initiation of CI' secretion by BtgCAMP/AM. 

30 FIG. 28 is a graph showing a comparison of chloride secretion initiated by 

BtgCAMP/AM and other derivatives. 

FIG. 3A shows the results of tests demonstrating the ability of BtgCAMP/AM 
to disperse fish dermal chromatophores. 

35 

FIG. 3B is a graph showing test results demonstrating the reversibility of the 
dispersion shown in FIG. 3A. 
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FIG. 4 depicts the synthesis scheme preparing 3\ 5' - cyclic monophosphate 
acetoxymethyl ester. 

FIG. 5 is a schematic representation of the synthesis of exemplary esters of 
inositol phosphates. 

FIG. 6 depicts test results showing permeation of inositol triphosphate 
propionyloxymethyl ester (IP3/PM) into REF-52 fibroblast cells. 

FIGS. 7 depicts test results showing permeation of IP3/PM into astrocytoma 
cells at a dose of 20 |im in a medium containing extracellular Ca^*. 

FIG. 8 depicts test results showing permeation of IP3/PM at a dose of 60 [xm 
into astrocytoma cells in a medium lacking extracellular Ca^^, 

FIG. 9 depicts test results showing permeation of inositol triphosphate 
butyryloxymethyl ester (IP3/BM) into astrocytoma cells at a dose of 2 jim in a medium 
containing extracellular Ga^*. 

FIG. 10 is a schematic representation of the synthesis of exemplary caged 
esters of inositol phosphates. 

FIG. 1 1 shows exemplary preferred caged esters of inositol phosphates. 

FIG. 12 shows details of the first portion of the synthesis of an exemplary 
caged inositol phosphate. The reference letters in the drawing refer to reagents 
used in each step as follows: 

a. (1) BusSnO. toluene, Dean-Stark apparatus, reflux, (2) DMNB-Br, 
CsF/DMF; b. S-(-)-camphanic acid chloride, TEA, DMAP; c. 2- 
mercaptoethanol, BFa/EtaO; d. B2CI, pyridine; e. 2-meraptoethanol, 
BFa/Et^O 

FIG. 1 3 shows details of the second portion of the synthesis of an exemplary 
caged inositol phosphate. The reference letters in the drawing refer to reagents 
used in each step as follows: 

a. KgCOs, MeOH/CHa/Clg; b. BzCI. pyridine. DMAP; c. 2- 
mercaptoethanol, BF JEX^O] d. B2CI. pyridine, DMAP; e. 2- 
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mercaptoethanol, BF g/EtgO; f. Trimethylorthoformate, BF a/EtgO, DMF; 
g. K^COg, MeOH/CHaCI^; h. (1) (CNCH2CH20)2PN(i-Pr)2, tetrazole (2) 
t-BuOOH, CHjClg.!. NH^H, MeOH; j. PM-Br, DIEA/CH3CN 

5 FIG. 14 shows the results of tests demonstrating IP3-CPM (V-1) induced 

[Ca^*]; increase upon uncaging, (a) Extracellular application of IPg-CPM (A, 20 jiM) 
had no effect on [Ca^"^]; even after incubation for about 5 minutes. Exposure of the 
cells to UV light (B. 360nm, 10s) caused an almost saturating [Ca^'']^ increase. The 
[Ca^^]. level remained elevated above the resting level due to the Ca^* influx. 

10 Carbachol (C, 200 jiM) and thapsigargin (D, 100 nM) gave normal response, 
lonomycin (E, 5 jiM) was added at the end of the experiment and gave a huge 
[Ca^*]i increase. (£>) Same experiment as (a) except done in Ca^* free medium 
(DPBS, 0 Ca^*, 0.5 mM EGTA). UV exposure of the cells treated with IPg-CPM still 
gave the same response, showing that the [Ca^*], increase resulted from the release 

15 of Ca^* from internal stores. The [Ca^^Jj level soon went back to the resting level 
because there was no extracellular Ca^* with which to maintain a [Ca^*]i elevation;^ 
lonomycin was added at the end of the experiment and gave an additional small* ■ 
[Ca^*]i increase, probably from IP3 insensitive stores. The cells were loaded with 
fluo-3/AM. During the experiment the cells were bathed in HBS buffered with 20 mM 

20 Hepes at pH 7.4 and supplemented with 2g/L glucose. 

FIG. 15 shows the results of tests demonstrating IP3-CPM (V-1) induced 
[Ca^*]j increase upon . uncaging in P388Di macrophage-iike cells. Extracellular 
application IP3-CPM (A, 20 \iM) had no effect on [Ca^^]i even after incubation for 

25 about 5 minutes. Exposure of the cells to UV light (B, 360 nm, 10s) caused a big 
[Ca^*]j increase. The [Ca^""], level went back to the basal level in a short time, 
indicating there was little Ga^^ influx. PAF (C, 1 00 nM) stimulation gave attenuated 
response, possibly because the internal stores were not refilled yet. lonomycin (D, 
5 \xM) was added at the end of the experiment and gave a huge [Ca^*]j increase. 

30 The cells were loaded with fluo-3/AM. During the experiment the cells were bathed 
in HBS buffered with 20 mM Hepes at pH 7.4 and supplemented with 2g/L glucose. 

FIGS. 16-18 are diagrams of exemplary synthesis procedures for making 
compounds in accordance with the present invention. 

35 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present invention is directed to modifying second messencers and 
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derivatives thereof which contain phosphates so that they can be easily introduced 
into a cell without disrupting the cell membrane. The invention involves esterifying 
the phosphate groups present in the second messenger to form a neutral 
acyloxyalkyi derivative which can readily diffuse through the cell membrane. The 
5 acyl group may contain up to 6 carbon atoms and is located at the 1 position of the 
alkyi group. The alkyi group may contain up to 7 carbon atoms. It was found for 
cAMP and cGMP that acetoxymethyl esters provide optimum cell membrane 
transport while still being amendable to cleavage from the second messenger after 
entry into the cell. Acetoxymethyl esters of inositol phosphates were found not to 

10 be optimally cell permeable. For second messengers having multiple phosphate 
groups, it is preferred that all of phosphate groups be masked as 
propionyloxymethyl or butyryioxymethyl esters. 

The present invention is applicable to increasing the cell permeability of a 
wide variety of phosphate-containing second messengers and derivatives thereof. 

15 Preferred exemplary phosphate-containing second messengers include cAMP, 
cGMP, 1 ,4,5 IP3, 1 ,3,4,5 IP4 and myo-inositol 3,4,5,6 -tetrakisphosphate. The present 
invention is also applicable to derivatives of cyclic nucleotides. Exemplary 
derivatives include the 8-substituted derivatives of cAMP or cGMP. The 8-substituted 
derivatives include 8-bromo-cAMP or cGMP, 8-chloro-cAMP or cGMP and 8-para- 

20 chlorophenylthio (cCPT) cAMP or cGMP. 

It is preferred for cAMP and cGMP that the hydroxyl groups of the phosphate- 
containing second messengers be masked or protected during synthesis. Masking 
with acyl groups having up to 4 carbon atoms is preferred. Larger acyl groups are 
not preferred because they are more difficult for the cell to cleave from the second 

25 messenger. 

Examples of practice showing the synthesis and use of cAMP/cGMP acetoxy- 
methyl esters in accordance with the present invention are as follows: 

Proton and ^'P NMR spectra were obtained in CDCI3, with residual CHCI3 (6 
= 7.26), being used as the internal standard for 'H spectra. 85% phosphoric acid 
30 was used as an external standard for '''P spectra. All NMR spectra were recorded 
on either a Varian Gemini-200 (200 MHz) or a General Electric QE-300 (300 MHz) 
spectrometer and are reported with the following abbreviations: s, singlet; d, doublet; 
t, triplet; dd, doublet of doublets; m, complex multiplet. Fast atom bombardment 
mass spectroscopy (with glycerol as matrix) and precise mass determinations were 
35 performed by the mass spectroscopy facility of the University of California, Riverside. 
Capillary electrophoresis was performed on a Dionex CES. 

Pyridine and acetonitrile used in the synthesis were stored over activated 
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molecular sieve (sA) for at least 3d. All other solvents were purchased in highest 
purity available and were used as received. N.N-Diisopropylethylamine (DIEA) was 
distilled from CaHg. Acetoxymethyl bromide (AM-Br) was prepared according to 
known procedures (38). All nucleotides were from Sigma. Phenylphosphonic acid 
5 was from Fluka, Switzerland. 4-Methylumbelliferylphosphate was from Boehringer, 
FRG. All other reagents were from Aldrich. 
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TABLE 1 

Structures of Acetoxymethyl Esters of Various Organic Phosphates 



comp. 


structure 

.MBf 


counter* 
ion M* 


yielcf 


[ppm] 


1 


1 


Ag* 


72% 


-9.1 


2 


Accy^o-?^ 


Ag* 


98% 


-2.25 


3 




HDIEA* 


86% 


18.70 


4a/4b 


BtAdetBlGua] 


HDIEA* 
Ag* 


59% 
52% 


-8,or 

-5.0 


5a/5b 




HDIEA* 


40% 


-5.5/^ 
-8.5 



"M* specifies the counter ion for the phosphate-containing starting material; HDIEA* = 
1 5 diisopropylethylammonium. ^ield by weight unless otherwise noted. ""Shift values for 
both diastereomers. 

The compounds shown in Table 1 were synthesized as set forth below: 
Compounds 1-3 were synthesized for comparative purposes. Compounds 4 a/b 

20 (cAMP/AM) and 5 a/b (cGMP/AM) are preferred exemplary compounds in accord- 
ance with the present invention. 

Synthesis of 4-Methylumbelliferyl Phosphate Bis(acetoxymethyl)ester (1 ) - The 
dilithium salt of 4-methylumbelliferyl phosphate (200 mg, 0.74 mmol) was dissolved 
in water and a concentrated solution of silver acetate was added. The disilver 4- 

25 methyiumbelliferyl phosphate precipitated immediately and was filtered, washed with 
water and dried to a shining silver-white powder (yield: 277 mg, 79%). The silver salt 
(60 mg, 0.1 3 mmol) was suspended in 1 mL dry CH3CN and 50 mg (0.33 mmol) AM- 
Br was added. At frequent intervals, the mixture was treated for 2 minutes at a time 
in an ultrasonic bath (Branson B-220). Frequent monitoring by 'H NMR showed the 

30 reaction to be complete after 4 hours. The supernatant was evaporated to dryness 
to yield 38 mg (72%) of 4-methylumbelliferyl phosphate bis(acetoxymethyl)ester (1); 
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'H NMR (CDCI3, 200 MHZ) 6 2.12 (s. 6H). 2.43 (s, 3H). 5.73 (dAB. 4H. J,,= 5 5 Hz 
^= 14.2 Hz, -CH3-), 6.27 (s, IN. H3). 7,17 - 7.25 (m. 2H, H6.H8). 7.59 (m. 1H H5)' 
NMR (CDC,3. 1 21 .5 MHz) 6 -9.1 ; MS miz (M.H)^ ca.cd 401 .0638. obsd 401 0625 
Synthesis of Phosphate Tris(aoetoxymethyl)ester (2) - Silver phosphate (30 mg " 
> 71 ^xmol) was suspended in 0.5 mL dry CH3CN and AM-Br (22 mg. 1 45 ^mol) was 
added. After frequent sonication for 20 hours at room temperature, another 15 mg 
(100 ^mol) AM-Br was added. When the suspended solid had lost its yellow color 
the mixture was centrifuged (1000 rpm, 1 min). and the supernatant was evaporated 
to dryness and the residue was washed with dry toluene to give phosphate 
tris(acetoxy-methyl)ester (2) as a dear oil (yield 98o/o); 'H NMR (CDCI3. 200MHz) 6 

24MM:CH!oAcr.^'' ^""^ ^'^-'^^^^ ' 

Synthesis of Phenyl phosphonate Bis(acetoxy.methyi)ester (3) - Phenyl 
Phosphonic acid (31 .6 mg. 0.2 rpmol) and diisopropylethylamine (DIEA, 1 30 mg 1 0 
mmol) were dissolved in 1 mL dry CH3CN. AM-Br (77 mg. 0.5 mmoi) was added and 
the solution was stirred at room temperature over night. After evaporation of the 
solvent the solid residue was extracted with dry toluene. Purification of the crude 
product 3 was performed on a Si60 column (1 0x40mm) with 750/0 toluene/ 25% ethyl " 
acetate to yield 52 mg 3 (860/0) as a clear oil. 'H NMR (CDCI3, 200 MHz) 6 1 95 (s 

2H). P NMR (toluene-dg, 121 .5 MHz) 6 18.70. 

Synthesis of N^-.O^^-Dibutyryl Adenosine 3',5'-cyclic Monophosphate 
AoetoKymethy, Ester -bt,cAMP/A/^ (4a/4b) - Two different methods were used to 
synthesize bt,cAMP/AM. Method A: The sodium salt of N^O^■-dibutyryl cAMP (12 5 
mg, 25 jxmol) was dissolved in 1 mL MeOH-H^O (1 :i) and passed through a Dowex 
50W-X8 column (10x40 mm. H'-form). The free acid was eluted with 15 mL 50% 
MeOH. After evaporating to dryness, DIEA (6 mg. 50 ^mol) and 1 mL dry CH CN 
were added. The reaction was started by the addition of AM-Br (16 mg 94 .m'of) 
After stirring the solution at room temperature for 4 days, the reaction mixture was 
chromatographed directly on a 8160 column (10x40 mm. 230 - 400 mesh) with 95% 
CH3CN/5% hexane as the eluent under slight pressure. The eluant was collected In 
5 mL fraetions. Fractions 5 - 7 contained 5.3 mg (38% yield) of the faster eluating 
diastereomer of dibutyryl cAMP acetoxymethyl ester (4a) in high purity. 'H NMR 
(CDCi3, 300 MHz) 6 1.05 (t. 3H, J = 7.0 Hz). 1.12 (t. 3H, J = 7.0 Hz). 1.74 (m 2H) 
1^^84 (m. 2H), 2.20 (s. 3H). 2.51 (m. 2H). 2.95 (t. 2H. J = 7.0 Hz). 4.36 (ddd 'lH J 
- 2.7. 10.1,.10.1 Hz, H4'). 4.49 (dd, 1H. ^ = 10.0. 10.0 Hz. HS'J. 4.66 (dddd 1H 
J = 2.7, 10.0. 10.0, 22.1 Hz, H5'J. 5.67 - 5.95 (m, 4H. -CH,-. H2'. H3'). 6.04 (s' Ih" 
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H1'), 8.01 (s, 1H, H2). 8.49 (broad s, 1H, N^H), 8.78 (s. 1H, H8); ^'P NMR (CDCI3, 
121.5 MHz) 6 -5.0 ppm. 

Fractions 8-1-9 yielded 8.7 mg of a clear oil which contained diisopropyl- 
ethylammonium bromide and the slower eluting diastereomer of 4b (2:1 w/w as 
5 determined by NMR, yield 2.9 mg 4b, 21 % from dibutyryl-cAMP). NMR (CDCI3, 200 
MHz), 6 0.99 (t, 3H, J = 7.0 Hz), 1 .05 (t, 3H, J = 7.5 Hz). 1 .70 (m, 4H), 2.18 (s, 3H), 
2.45 (t, 2H. J = 7.0 Hz), 2.89 (t, 2H. J = 7.5 Hz). 4.40 - 4.70 (m, 3H, H4',H5',^,H5' J, 
5.62 - 5.78 (AB-part of ABX, 2H, J^g = 5.1 Hz, -CH^-), 5.83 (m, 2H. H2', H3'). 6.01 
(s, 1H), 8.02 (broad s, 1H, H2), 8.51 (broad s, 1H, N'H), 8.69 (s, IN, H8); ''P NMR 
10 (CDCI3, 121 .5 MHz) 6 -8.0 ppm; MS (4a/4b 1 :1 mixture) m/z (M-hH)^ calcd 542.1652, 
obsd 542.1681. 

Method B: 58 mg (0.12 mmol) of the sodium salt of BtjCAMP was dissolved 
in 0.5 mL H^O and 300 tiL 1.8 M AgNO^ solution was added. The resulting white 
precipitate was filtered off washed with HgO, and dried to yield 30.5 mg (45%, 54 

1 5 \imo\) of the silver salt of BtgCAMP. The white powder was suspended in 1 mL of dry 
CH3CN and 51 mg (330 iimol) AM-Br were added. The suspension was frequently 
sonicated for 4h at room temperature. The two resulting diastereomeric 
acetoxymethyl esters 4a and 4b were purified as described under method A to yield 
2.8 mg of the fast eluting isomer 4a (1 0% yield) and 9.6 mg (35%) of the slow eluting 

20 diastereomer 4b. NMR and MS analysis of the products of both methods were 
identical. 

Synthesis of N-,0--D!butyryl Guanosine 3 ',5 -cyclic Monophospliate 
Acetoxymetfiyl Ester btpMPIAM (5a/5b) - The sodium salt of Bt^cGMP (24 mg, 47 
|imol) was passed through Dowex 50W-X8 (H^ form) and the free acid was eluted 

25 with 15 mL 50% MeOH. After evaporating to dryness, 1 mL dry acetonitrile, 13 mg 
(100 jimol) DIEA and 21 mg (135 pmol) AM-Br were added. The solution was stirred 
overnight, evaporated to dryness, dissolved in CHaCN/hexane (95:5, v/v) and eluted 
over a Si60 column (10x40 mm) to yield 11 mg (40%) of the two diastereomers of 
dibutyryl cGMP-AM (5a/5b) as a mixture. 'H-NMR (5a only, CDCI3, 200 MHz) 6 1.00 

30 (m, 6H). 1.74 (m, 4H), 2.38 (s, 3H). 2.42 (m, 2H), 2.48 (m, 2H), 4.18 (ddd, 1 H, J = 
4.0, 1 0.0, 1 0.0 Hz, H4'). 4.30 - 4.54 (m, 2H, H5'^, H5' J, 5.1 3 (ddd, 1 H. J = 1 .8, 4.1 , 
10.0 Hz. H3'), 5.56 (dd, 1 H. J = 4.1, 4.1 Hz, H2'), 5.71 (dAB, 2H, J = 12.5, 9.1 Hz. - 
CH2-), 6.04 (d. 1H, J = 4.0 Hz. HI'), 7.65 (broad s, 1H, N^H), 10.14 (s. 1H, H8). 
12.30 (broad s. 1 H, N^H); ^'P NMR (CDCI3, 121.5 MHz) 6 -5.5 and -8.5 ppm; MS miz 

35 (M -h H) * calcd 558. 1 601 , obsd 558. 1611. 

The most general and economical synthetic route to acetoxymethyl phos- 
phate esters is believed to be alkylation of the parent phosphate anions by 
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acetoxy methyl halides. The instability of acetoxymethanol precludes its phospho- 
rylation. Preliminary synthetic attempts, similar to the experiments of Srivasta and 
Farquhar (15), were performed on 4-methylumbelliferyl phosphate and phenyl 
phosphonate as readily available model compounds detectable by UV absorption 
5 and bearing no competing nucleophilic centers. 4-Methylumbelliferyl phosphate 
bis(acetoxymethyl)ester (Table 1-1) was successfully prepared in 73% yield by 
suspending the disilver salt of 4-methylumbelliferyl phosphate in dry acetonitrile, 
adding acetoxymethyl bromide (AM-Br) (38), and sonicating the heterogeneous mix- 
ture at frequent intervals for 24 hours. The 'H NMR of the supernatant showed an 

10 AB doublet at 5.7 ppm for the methylene group of the acetoxymethyl ester, a typical 
pattern for all phosphate acetoxymethyl esters reported here. The synthesis of 
phosphate tris(acetoxymethyl)ester (Table 1 - 2) offered a . possibility to directly 
monitor the progress of the reaction. Yellow AgaPO^ was reacted with AM-Br as 
described above. Disappearance of the color after 36 hours indicated completion 

15 of the reaction. The product was the only compound in the organic phase (98% 
yield). 

An alternative to silver salts is desirable for polyphosphates or molecules 
bearing oxidizable functionalities. Direct treatment of phenylphosphonic acid with 
an excess of the hindered base diisopropylethylamine (DIEA) and AM-Br eventually 

20 gave an 86% yield of the phenylphosphonate bis(acetoxy-methyl)ester (Table I -3). 

Analogous reactions worked, albeit in lower yield, for N®,2'-0-dibutyryl 
adenosine 3', 5'-cyclic monophosphate acetoxymethyl ester (BtgCAMP/AM, 4a/4b) 
and N^2'-0-dibutyryl guanosine 3',5'-cyclic monophosphate acetoxymethyl ester 
(BtgCGMP/AM, 5a/5b). The commercially available sodium salts of BtgCAMP and 

25 Bt^cGMP were converted into the free acids on Dowex 50W-X8 and then into DIEA 
salts. Reaction took place in dry CH3CN with an excess of DIEA and AM-Br for 5 
days at room temperature. Both nucleotide AM-esters were purified on silica gel 60 
(CH3CN/hexane 19:1 v/v) after evaporation of the solvent. The two diastereomers 
of BtgCAMP/AM (4a/4b) were isolated in yields of 37% and 21 % for the fast and slow- 

30 eluting isomers, the latter co-eluting with residual DIEA. ^'P-NMR resonances were - 
5.0 ppm and •■ -8.0 ppm, respectively, but absolute configurations were not 
determined. The analogous two diastereomers of BtgCGMP/AM (5a/5b) could not be 
separated under the described conditions, but were free of DIEA. BtgCAMP/AM was 
also prepared by alkylating the silver salt of BtgCAMP with AM-Br in CH3CN with 

35 frequent sonication for 24 h. These heterogeneous conditions reversed the 
enantiomeric preference, giving the fast and slow-migrating isomers in 1 0% and 35% 
yields. 
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The synthesis of cAMP and cGMP described above utilizes butyryl groups 
to mask or protect the hydroxy! groups. This is because the direct conversion of 
a cAMP or cGMP into their acetoxy esters yields only minute amounts of product, 
Trrmethylsilyl (TMS) groups were also found to work well as a protective group. The 
5 synthesis schemes for direct and TMS protected synthesis is shown in FIG. 8. 

Synthesis of the acetoxy ester of cAMP using TMS is set forth below: 

General Methods - Proton and ^'P NMR spectra were obtained in CDCI3 with 
residual CHCI3 (6 = 7.26), being used as the internal standard for 'H spectra. 85% 
phosphoric acid was used as an external standard for ^'P spectra. All NMR spectra 
1 0 were recorded on either a Varian Gemini-200 (200 MHz) or a General Electric QE-300 
(300 MHz) spectrometer and are reported with the same abbreviations as in the 
preceding examples. 

Acetonitrile were stored over activated molecular sieve (sA) for at least 3d. 
All other solvents were purchased in highest purity available and were used as 
15 received. N,N-Diisopropylethylamine (DIEA) was distilled from CaH^. Acetoxymethyl 
bromide (AM-Br) was prepared according to known procedures. cGMP was from 
ICN or Calbiochem. All other nucleotides were from Sigma. All other reagents were 
from Aldrich. 

The following three step synthesis is outlined in FIG, 4. 

20 Synthesis of 2'-0-TrimethvlsiM Adenosine 3\ 5'-cvclic Phosphate (FIG. 4-A) - 

The free acid of cAMP (50 mg, 0.15 mmol) was suspended in 3 mL dry DIEA. One 
(1) mL Hexamethyldisilazane (HMDS) and 0.5 mL Trimethylsilyl chloride (TMS-CI) 
were added under Ar and the mixture was heated to 100°C for 3 hours. After 
cooling to r.t. all volatile components were evaporated off in high vacuum. The 

25 residual oil was extracted with 2 x 2 mL dry toluene. A sample of the extract, 
exclusively containing N^, 2'-0-di(trimethylsilyl) adenosine 3*, 5' - cyclic 
monophosphate trimethylsilyl ester, was evaporated to dryness and analyzed by 
NMR: 'H NMR (toluene-dg. 200 MHz) diastereomer 1 (80%) 6 0.32 (s. 9H), 0.45 (s, 
9H), 0.47 (s, 9H), 4.15 - 4.61 (m, 3H, H4', H5',^, H5'J, 4,98 (d. 1 H, J = 4.7 Hz. H2'), 

30 5.60 (s, 1 H, N'H). 5.74 (ddd, 1 H, J = 1 .6, 4.7, 9.5 Hz, H3'), 5,83 s, 1 H. H1 \ 7.64 (s, 
1 H, H2), 8.6 (s, 1 H, H8). Diastereomer 2 (20%) 6 4.65 (d, 1 H, J = 4.2 Hz, H2'), 5,20 
(m. 1H, H3'), 5.66 (s, 1H, N^H), 6.05 (s. 1H, HV). 7.77 (s, 1H. H2), 8.58 (s. 1H. H8). 
The toluene extract was treated with 12 MeOH (0.3 mmol) for 3 min. followed by 
rapid evaporation of the solvents. The remaining white solid fairly pure 2'-0- TMS- 

35 cAMP (1). 'H NMR (CD, OD, 200 MHz) 6 0.80 (s, 9H, TMS), 4.32 (m. 3H. H4\ H5'), 
4.65 (d, 1 H. J = 8.2 Hz, H2'), 4.95 (m, 1 H H3'), 6.12 (s, 1 H. HI 7.16 (broad s. 2H, 
NH2). 8.40, 8.45 (2s, 1H each. H2, H8). =»^H-NMR C, 
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Synthesis of 2'-0-TrimethylsUyl' Adenosine 3', 5' -cyclic Monophospliate 
Acetoxymethyl Ester (FIG. 4 - e; - 25 mg (0.062 mmol) 2'-TMS-cAMP (1) was 
dissolved in 0.5 mL dry CH3CN containing 0.05 mL DIEA (0.28 mmol) under Ar and 
0.028 mL (0.28 mmol) AMBr were added. The mixture was stirred for 3 days at r.t. 
5 then evaporated to dryness. The crude produce was purified on a SI60 column (4 
X 1.5 cm) with dry CH3CN saturated with hexane as the eluent. Prior to the 
separation the column was washed with the same eluent containing 0.1 % acetic acid 
followed by the eluent alone. Most of the 2'-0-TMS-cAMP/AM (2) eluated just before 
HDIEA*Br to yield 20.5 mg (0.042 mmol, 68%). The product consisted of 90% of one 

10 of the Rp/So-diastereomers, as determined by NMR. 'H NMR (CDCI3, 300 MHz) 
6 0.22 (s, 9H, TMS), 2.16 (s. 3H, - OCCH3), 4.43 (m, 2H, H4', H5^J, 4.64 (m, 1 H, 
H5'J, 4.85 (d, 1H, J = 5.2 Hz, H2'), 5.34 (m, 1 H, H3'), 5.74 (d, 2H, J = 13.1 Hz, - 
CH2-OAC), 4.86 (broad s, 2H, NH2), 5.91 (s, 1H, HV), 7.87 and 8.41 (2s, 1 H each, H2 
and H8). ^'P NMR (CDCI3, 121.5 Hz) 6 - 7.58 (90%), -4.62 (10%). 

15 Synthesis of Adenosine 3\ 5' 'Cyclic Monophosphate Acetoxymethyl Ester 

(FIG. 4 - CJ • 1 4 mg (0.029 mmol) of 2 were dissolved in 1 mL of a 1 ;1 (v/vO mixture 
of CHCIa/CHaCN and 2 HF (49%) was added. The mixture was gently swirled for 
2 min. before the solvents were evaporated off to quantitatively yield cAMP/AM (3) 
as a white solid. 'H NMR (CDjOD, 300 MHz) 6 2,17 (s, 3H, -OAc), 4.48 (ddd, 1H, J 

20 = 3.6, 9.5. 9.5 Hz, H4'). 4.50 (m, 1H. H5'J, 4.74 (m, 1H, H5'J, 5.33 (ddd, 1H, J = 
1.0, 4.8, 12.3 Hz, H3'). 5.75 (m. 2H. -CH^-OAc). 6.15 (s. IN. HI'). 8,41 and 8.42 (2s, 
1H each. H2. H8). '^P NMR (CD3OD, 121.5 MHz) 6 :6.85. 

The following biological tests were conducted to demonstrate the biological 
activity of the cAMP derivative after it passes into the cell. 

25 Activation of intracellular protein kinase A. The premier target of cAMP in most 

cells is the cAMP-dependent protein kinase (PKA) (45). To show that this enzyme 
can be activated by extracellular application of Bt^cAMP/AM, we used a recently- 
developed assay for PKA activation in single cells (39). When PKA is doubly labeled 
with fluorescein on its catalytic subunits and rhodamine on its regulatory subunits 

30 to produce FICRhR, fluorescence energy transfer from the fluorescein to rhodamine 
occurs in the hoioenzyme complex but is disrupted upon activation and dissociation 
of the subunits. The change in the ratio of fluorescein to rhodamine emissions 
parallels the increase in kinase activity and can be nondestructive^ imaged in single 
cells. REF-52 fibroblasts were microinjected with FICRhR and emission ratio images 

35 recorded at room temperature as previously described (27). 30 min after injection, 
0.1, 1, or 10 ^M Bt^cAMP/AM were added extracellularly (FIG. 1 - Graph A). The 
highest dose yielded a maximal change in fluorescence ratio within 15 min. The 
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intermediate dose gave a shallower slope and a lower plateau to slightly over 50% 
of the maximal change. The onset of the separation of regulatory and catalytic 
subunit of FICRhR occurred roughly 2 min after the addition of the cAMP derivative. 
Much the same delay and overall time course occurred with nonesterified BtgCAMP, 
5 though much higher concentrations, 1 mM, were required (FIG. 1 - Graph B), Other 
widely used, supposedly lipophilic cAMP derivatives showed no delay in beginning 
to activate PKA, but millimolar concentrations were still required (FIG. 1 - Graphs C 
& D). 

To show that intracellular enzymatic hydrolysis of the ester groups is required 
10 we examined the binding properties of BtsCAMP/AM and Bt^cAMP to FICRhR in vitro. 
The highest concentration of BtgCAMP/AM used in the other assays (1 O^iM) gave no 
separation of the subunits, while BtsCAMP was roughly 1/100 as potent as cAMP 
probably due to contamination by 1% monobutyryl-cAMP as specified by the 
supplier (Sigma) (See Table II). 
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TABLE II 

In-vitro cAMP-dependent kinase activation assay. 





cAIVIP 


Bt^cAMPS 


Bt-,cAMP/AM 


concentration 


1 


10 


200^ 


10 


10 


10 


% kinase^ 
activation 


67 


91 


100 


16 


61 


0 



10 

-The slight residual activity of BtjCAMP Is probably due to an impurity of N®-monobutyryl 
cAMP (1%) as specified by the supplier. -200 jxM cAMP was considered the maximal 
dose necessary to fully dissociate FICRhR. -Labelled cAMP-dependent kinase type I 
(FICRhR). This labelled isoform is more stable against subunit dissociation in the 
15 absence of cAMP at the low enzyme concentrations used in this assay than labelled 
type II, 

One of the many well-known cell functions controlled by cAMP is intestinal 

20 transepithelial Cl -secretion (46). A convenient test system is the intestinal cell line 
Te4, in which chloride secretion can be continuously monitored by mounting 
confluent monolayers of cells in Ussing chambers (42). FIG. 2A shows the Cl - 
secretion measured as short circuit current (Igc) across the cells. The addition of 
BtaCAMP/AM at a concentration of 3 jiM to the serosal bathing solution caused an 

25 increase in Igc with a maximum after 20 min. Higher concentrations of the derivative 
caused faster but not significantly greater responses, whereas lower concentrations 
reached lower maximum igc values. The values obtained at an arbitrary 
intermediate time, 12 min after addition of various cAMP-derivatives, were used to 
determine the dose dependency (FIG. 2B). The dose response curves were parallel, 

30 with EC50 values of 2 |iM and 400 ^M for Bt^cAMP/AM and Bt^cAMP respectively. 
Therefore the introduction of the acetoxymethyl group on the phosphate increased 
the potency by 200 fold in this assay by circumventing the permeability barrier. 
Furthermore, the acetoxymethyl ester seems to be cleaved inside T04 cells without 
significant delay, since the two agents gave essentially indistinguishable kinetics of 

35 activation. Tests with the cAMP-derivatives 8-Br-cAMP and 8-pCPT-cAMP showed 
activation of Cl'-secretion with EC50 values of 1.5 mM and 100 ^M, respectively. 

Fish dermal chromatophores exhibit a tightly regulated movement of pigment 
gramuies either inward Into a highly aggregated central mass, or outward, dispersing 
the pigment throughout the cell. In angelfish {Pterophyllum scalare) melanophores 

40 this movement is microtubule based and cAMP regulated (44,47) but relatively 
refractory to external cAMP analogs. Melanophores permit a visual single-cell assay 
for the ability of cAMP analogs to enter cells and mimic cAMP actions. The 
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melanophores were isolated on angelfish scales and the epidermis was stripped off. 
The 60 - 1 00 melanophores per scale were pretreated with an aj-adrenergic agonist 
to reduce endogenous cAMP and start with full aggregation. Extracellular 
BtsCAMP/AM then caused dispersion of the pigment In a dose-dependent manner 
5 (FIG. 3A). A concentration of 1 00 jiM BtgCAMP/AM was enough to cause essentially 
complete dispersal; however, 1 mM gave a slightly faster onset of action and could 
not be readily reversed by removal of the extracellular BtgCAMP/AM and 
administration of epinephrine, whereas the effect of 1 00 jiM was easily reversed (FIG. 
38). Dispersion was just detectable at 1 and half-maximal near 10 ^iM (FIG. 3A). 

10 By comparison, 1 mM Bt2cAMP was unable to cause any detectable dispersion. 
Hence the AM ester group increased the potency by more than 1000 in this assay. 
The effectiveness of BtjCAMP/AM shows that the inertness of BtaCAMP in 
melanophores is due to poor permeability rather than susceptibility of Bt-cAMP to 
phosphodiesterases or selectivity of kinase binding sites for cAMP substitution (48). 

15 The preceding examples are summarized in (64). 

The preceding strategy for increasing permeability of cAMP and cGMP, i.e. 
acetoxymethyl esterification in combination with butyryl group masking of the 
hydroxyl groups, was found not to be effective for inositol phosphates. Acetoxy- 
methyl esters of inositol triphosphates which had their hydroxy groups blocked with 

20 butyryl groups were found to have relatively low potency, perhaps because butyryl 
esters located between bulky phosphate groups cannot be cleaved by intracellular 
enzymes. However, if the hydroxyl groups were left unesterified and the phosphates 
were esterified with acetoxymethyl groups, the resulting compounds had insufficient 
membrane permeability to enter cells. We found that, in addition to leaving the 

25 hydroxyl groups unesterified, it was also necessary to replace the acetoxymethyl 
groups with more hydrophobic groups in order to provide acceptable cell perme- 
ability and subsequent ester cleavage. We discovered that more hydrophobic esters 
such as, propionyloxymethyl(PM) esters (R=ethyl, R' = H) or butyryloxymethyl(BM) 
esters (R=propyl, R' = H), permeate the cell membrane at higher rates while still 

30 being amenable to cleavage upon entry into the cell. 

Inositol phosphate esters in accordance with the present invention have the 



formula 
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wherein A, to Ae is H, OH, F or 



5 



10 




wherein R is an alkyi group having from 2 to 6 carbon atoms and R' is H or CH3 or 
R is CH3 and R' is CH3 and wherein at least one of A, to A^ is a phosphoester having 
the formula set forth above. 

15 Preferred esters are the propionyloxymethyl and butyryloxymethyl esters of: 

inositol-1 ,4,5-triphosphate;3-deoxy-inositoM ,4,5-triphosphate;3-fluoro-inositol-1 ,4,5- 
triphosphate; inositol-1 ,3,4-triphosphate;inositol-1,3,4,5-tetraphosphate;andinositol- 
3,4,5,6-tetraphosphate. 

Examples of synthesis and use of preferred exemplary inositol polyphosphate 

20 esters in accordance with the present invention is as follows: 

The general synthesis scheme which may be used to make a number of 
different esters in accordance with the present invention is set forth in FIG. 5. 

The synthesis of phosphotriesters with neighboring unprotected hydrbxyls 
is difficult because the phosphates very easily migrate or cyclize into the free 

25 hydroxyls. The key is to use benzyl ethers to protect the hydroxyls for as many 
steps as possible and to find conditions to remove the benzyls at the last stage 
without affecting the phosphate acyloxyalkyi esters (FIG. 5). Thus in the synthesis 
of, for example, inositol triphosphate propionyloxymethyl ester (IP3/PM), the hydroxyls 
on the 2, 3, and 6-positions are initially protected as benzyl groups. Phosphorylation 

30 of 1 with bis(p-cyanoethyl)A/,A/-diisopropylphosphoramidite, oxidation of the 
phosphites, and ammonolysis of the cyanoethyl protecting groups affords 2,3,6-tri-O- 
benzyl-lPa (2a). Esterification with bromomethyl propionate (3, R = Et, R' = H) gives 
fully protected inositol trisphosphate (4a). Finally, catalytic hydrogenolysis over 
palladium acetate in acetic acid provides IP3/PM' (5a, R = Et, R' = H) without 

35 phosphate migration or cyclization. This general procedure may be used to 
synthesize other membrane-permeant, intracellularly hydrolyzable esters of IPg and 
othor important inositol polyphosphates such as 3-deoxy-1 .4.5-IP3, 3-fluoro-1 ,4,5-IP3, 
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1,3,4-IP3, 1.3,4,5-IP^. and 3.4.5,6-IP,. 

A detailed description of the synthesis is as follows: 

D-2,3,6-tri-0-benzyl-n7yo-inositol la and D-2,6-di-0-benzyl-/T7yo-inositol Id. 
which are known compounds (65,66), are synthesized from myo-inositol by a 
5 modified procedure (for la) or as published (for Id). D-2,3-di-0-benzyl-3-deoxy-myo- 
inositol lb and D-2,3-di-0-benzyl-3-deoxy-3-fluoro-n7yo-inositol 1c, may be prepared 
in two steps from known precursors (67,68), D-1 ,4,5-tri-0-benzoyl-6-0-benzyl-3- 
deoxy-myo-inositol (compound 10 in ref. 67) or D-1 ,4,5-tri-0-benzoyl-6-0-benzyl-3- 
deoxy-3-fluoro-f7?yo-inositol (compound 5b in ref. 68) respectively. These starting 

10 materials may be benzylated with benzyl trichloroacetimidate in the presence of a 
catalytic amount of trifluoromethanesuifonic acid. Removal of the benzoyl protecting 
groups with potassium carbonate in methanol overnight affords lb and 1c, 
respectively. The experimental procedure outlined in FIG. 5 is similar for 5a, 5b, 5c 
and 5d. Here we use 5a as an example. All reactions are done under an 

1 5 atmosphere of argon unless otherwise specified. 

D-2,3,6-tri-0-benzyl-/T7yo-inositol-1 ,4,5-triphosphate (2a), ammonium salt: 65 
mg la (0.144 mmol) was dissolved in 1 ml dichloromethane and 1 ml acetonitrile. 
Bis(p-cyanoethyl)-A/,A/-diisopropylphosphoramidlte (69) (180 jil, 0.65 mmol) was 
added, followed by 48 mg tetrazole (0.69 mmol) dissolved in 1 .2 ml acetonitrile. After 

20 stirring at room temperature for 2 hours, the reaction flask was cooled in an ice bath. 
An excess of t-butyl hydroperoxide (300 jil of a 5 M solution in dichloromethane) was 
added in one portion. Thirty minutes later, the ice bath was removed and stirring 
was continued at room temperature for another hour. The solvent was removed 
under reduced pressure. The remaining syrup was resuspended in the minimum 

25 amount of dichloromethane/methanol (1 2:1 ). 1 30 mg of a clear glass was obtained. 
This material was dissolved in 1.5 ml methanol and mixed with 6 ml concentrated 
ammonium hydroxide. It was refluxed at SC^C for 3 hours and the solvent was 
removed under reduced pressure. The remaining material was used directly for the 
next step without further purification. 

30 D-2,3,6-tri-0-benzyl-myo-inositol-1 ,4,5-triphosphate propionyloxymethyl ester 

(4a). The above material (2a) was suspended in 1 ml acetonitrile and 0.2 ml 
diisopropylethylamine (DIEA). It was then sonicated for a short interval and the 
solvent was removed under reduced pressure. This process was repeated a few 
more times until a homogeneous solution was obtained after adding acetonitrile and 

35 DIEA, indicating that the counterions for the phosphate groups had been exchanged 
from ammonium to diisopropylethylammonium. An excess ('"150 of 
bromomethyl propionate (3, R = Et, R' = H, prepared as in ref. 70) was then added 
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and left to react for 48 hours. The solvent was removed under vacuum and the 
remaining syrup was first purified by.silica gel flash column chromatography, eluting 
with ethyl acetate. The pale yellow glass obtained upon evaporation was further 
purified by HPLC on a CI 8 reverse-phase column, eluting with 78% methanol in 
5 water. 1 5 mg clear glass was obtained, 1 0% overall yield from la. ^H-NMR (CDCIg): 
6 = 1.1 (m, 18H), 2.2-2.45 (m, 12H), 3.5 (dd, 1H,J = 12Hz, 2Hz), 4.05 (t. 1H. J = 
11.2Hz), 4.3-4.5 (m, 3H), 4.7-4.9 (m, 7H), 5.3-5.7 (m. 12H), 7.2-7.5 (m, 15H), FAB MS 
m/z (M-hCs)*. Calculated: 1339.2293. Observed: 1339.2261. 

D-myo-inositol-1 ,4,5-triphosphate propionyioxymethyl ester (5a, R = Et, R' = 

10 H). 15 mg 4a was dissolved in 2 ml glacial acetic acid. 20 mg palladium acetate 
and a catalytic amount of trifluoroacetic acid was added. The mixture was stirred 
under 1 atm hydrogen gas at a temperature below 20'' C to minimize phosphate 
triester migration. After 4 hours of hydrogenation, the catalyst was filtered off and 
the acetic acid was lyophilized. 10 mg clear glass was obtained. ^H-NMR {CD30D): 

15 6 = 1.2 (m. 18H), 2.4 (m, 12H), 3.7 (dd, 1H, J = 9.9Hz), 2.4Hz). 4.0 (t, 1H, J = 
9.3Hz), 4.2-4.4 (m, 3H), 4.65 (q, 1H, J = 8.4Hz), 5.7 (m, 12H). 

D-myo-lnositoM ,4,5-triphosphate butyryloxymethyl ester (5a, R = Pr, R' = H) 
was prepared identically but with bromomethyl butyrate (3, R = Pr. R* = H) in place 
of bromomethyl propionate. 'H-NMR (CD30D): 5 = 0.95 (m, 1 8H), 1 .7 (m, 12H), 2.4 

20 (m, 12H), 3.7 (dd, 1 H. J = 9.9Hz, 2.4Hz), 4.0 (t, 1H. J = 9.3Hz), 4.2-4.4 (m, 3H), 4.65 
(q, 1H, J = 8.4Hz), 5.7 (m, 12H). FAB MS m/z (Mh-Cs)*. Calculated: 1153.1824. 
Observed: 1153.1850. 
Biological Applications of IP^PM arid IP^/BM 

The best-established biological effect of IP3 is to release Ca^"" from internal 

25 stores (26), so IPg/PM (5a, R = Et, R' = H) was tested by imaging cytosblic free Ca^-" 
levels in single REF-52 fibroblasts using standard methodology (58): Cells were 
loaded with the Ca^^-indicator fura-2 and viewed by fluorescence excitation ratioing. 
IP3/PM (40 ^iM) was applied extraceliularly while monitoring cyto'solic Ca^"" concentra- 
tions. As shown in FIG. 6, the Ca^* concentration increased rapidly after addition of 

30 IP3/PM (vertical dotted line labeled 1). Subsequent addition of vasopressin (vertical 
dotted line labeled 2)/ a well-known Ca^^-releasing hormone (59) had much less 
effect than normal. This occlusion demonstrates that IP3/PM had already partially 
exhausted the same pathways to elevate Ca^* as utilized by a physiological agonist, 
vasopressin. ' 

35 Biological tests on 1 321 N1 astrocytoma cells were performed similarly to the 

tests on REF-52 cells (71). The results of the tests are shown in FIG. 7.' The 
concen'-ration of Cytosolic free Ca^* (ordinate, in units of jiM) in fura-2-loaded 
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1321N1 astrocytoma cells is shown as a function of time (abscissa, in units of 
seconds). At the dotted vertical line labeled 1, 20 ^lM inositol-1 ,4.5-triphosphate 
propionyloxymethyl ester (5a, R = Et. R' = H) was added. A sizable elevation of 
cytosolic Ca^"^ was observed after about 1 00 second delay. Subsequently the cells 
5 could respond to carbachol (200 ^M. delivered at the dotted vertical line labeled 2), 
a drug that stimulates the endogenous generation of inositol-1 ,4,5-triphosphate. 
However, the response to carbachol is depressed by the prior treatment with the 
inositol-1 ,4,5-triphosphate propionyloxymethyl ester. Likewise the Ca^^ response to 
thapsigargin (100 nM, delivered at the dotted vertical line labeled 3). another drug 

10 that releases stored Ca^*, is depressed. 

A test similar to the one shown in FIG. 7 was conducted except that the 
medium lacked extracellular Ca^* and a dose of 60 \xM inositol-1 ,4,5-triphosphate 
propionyloxymethyl ester was added at the dotted vertical line labeled 1 . The results 
of the test are shown in FIG. 8. A sizable elevation of cytosolic Ca^* was observed 

15 after about a 50 second delay. Because no extracellular Ca^"" was present, this 
response must have represented release from intracellular Ca^* stores. 
Subsequently the cells' response to carbachol (200 |iM, delivered at the dotted 
vertical labeled 2) was greatly depressed by the prior treatment with the inositol- 
1 ,4,5-triphosphate propionyloxymethyl ester. The much greater degree of inhibition 

20 of the carbachol response compared to the previous example (FIG. 7) is due to the 
higher dose of the inositol-1 ,4,5-triphosphate propionyloxymethyl ester and the 
absence of extracellular Ca^", which reduces refilling of Ca^* stores. 

In a further example, the same test as set forth above was conducted with 
astrocytoma cells, exceptthat 2 jiM inositol-1 ,4,5-triphosphate butyryloxymethyi ester 

25 (5a, R = Pr, R^ = H) was used instead of the propionyloxymethyl ester. The test 
results are shown in FIG. 9. The butyryloxymethyi ester is somewhat more potent 
but its effects are slower to appear and decay. 

The above biological results show that neutral, hydrophobic, membrane- 
permeant derivatives of inositol phosphates can be synthesized and show the 

30 expected biological activity when applied extracellularly to intact REF-52 fibroblasts 
and astrocytoma cells. IP3/PM released Ca^* from internal stores, as would be 
expected for an agent that mimicked IP3. 

The above membrane-permeant derivatives of inositol polyphosphates utilize 
acyloxy groups esterifying all the phosphates to mask their negative charges. After 

35 crossing the plasma membrane, the compounds gradually hydrolyze inside the cell. 
As a result, both inositol phosphate release and the subsequent internal calcium 
release develops with a sigmoidal time course. The accumulation of active species 
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can be limited because inositol phosphate may be destroyed by metabolic enzymes 
at rates comparable to its release from the protected form. Furthermore, if the 
hydroxy! groups are left free and unprotected, migration of phosphate esters to 
vicinal hydroxyls, reduction of the efficiency of delivery, and loss of pharmacological 
5 specificity may occur. Caging of the membrane-permeant inositol phosphate esters 
provides at least two improvements. First, all the hydroxy! groups are blocked by 
protecting groups, eliminating phosphate migration and increasing the efficiency and 
isomeric specificity of inositol phosphate delivery. Second, after entering the cell 
and undergoing hydrolysis, the caged inositol phosphate remains inactive because 

10 a key hydroxy! group, the 6-hydroxyl, is caged by a photolabile protecting group. 
This group should also block metabolic degradation, thereby helping caged IP3 
(structure 5 in FIG. 10) accumulate inside cells. Upon uncaging with UV light, the 
caged compound releases active species that cause a sudden [Ca^*]j increase 
mimicking the one generated by physiological agonist stimulation, 

15 The above-described caged inositol polyphosphate esters in accordance 

with the present invention have the following formulas: 



20 



25 Wherein R, is H, -CHO, COOCH3 or -COCH3; R^ is H or -P(0)(OR,)(XRJ; or R, and 
Ra together are -CHg-. -CHMe-, -CMe^-, -CHCOMe)-, -CMe(OMe)- or -C(0Me)2-; Rg is 
a photolabile protecting group; 



O ' 0 



^° -CH20-^CH3 -CH20^CH2CH3 -CH20'^CH2CH2CH3 ; and 



X is O or S, 



35 When R, and Rg taken together are -CH2-, the compound has the formula 



R4X o o 
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Likewise, when R, and Rg taken together are -CH(OMe)-, the compound has the 
formula: 

R40^o ^o 



Preferred compounds are those where X is O. 



The photolabile protecting group (R3) may be any of the known compounds 
which are used to provide photolabile protection of reactive sites (see Reference 73). 
15 Exemplary photolabile protecting groups (R3) include R5, -CHgORg or -COOR5 where 






SDCXID: <WO 98267e6Al_l_> 




.9826786A1J.> 



wo 98/26786 PCT/US97/22547 

26 

Examples of synthesis and use of the above identified caged compounds is 
as follows: 



The general synthetic route to a preferred exemplary caged compound (D- 
5 IP3/PM) is outlined in FIG. 1 0. A key step is to protect the 6-hydroxyl of inositol, 
which plays a critical role in binding to the IP3 receptor and releasing calcium, with 
the photoliable group 4,5-dimethoxy-2-nitrobenzyl (DMNB). The 2- and 3- positions 
are covered by an orthoformate. Phosphorylation of 4 and esterification of the 
resulting trisphosphate 5 (caged IP3) with bromomethyl propionate afforded IP3/PM. 

10 The strategy is general enough to make other caged membrane-permeant IP3 
derivatives with different substituents on 2- and 3- position. In addition, this general 
procedure allows replacement of the phosphate by phosphothioate, which is 
metabolically more stable and has potential in drug development. 

The 2-nitrobenzyI group and its derivatives 1 -(2-nitrophenyl)ethyl, 4,5- 

15 dimethoxy-2-nitroben2yl, and a-carboxy-4,5-dimethoxy-2-nitrobenzyl, have been 
widely used in caging biomolecules. These groups mask the charged (i.e. 
carboxylate or phosphate) or polar (i.e. amine or hydroxyl) functionalities of the 
molecules and increase their hydrophoblcity, often increasing their membrane 
permeability. Before photolysis, these caged compounds are required to be 

20 biologically inactive because at least one of the key functionalities is blocked. 
However, the activity of the molecule can be triggered by a pulse of UV light (360 
nm) because the nitrobenzyl group and its derivatives are photolabile. This strategy 
is very valuable for in vivo biological application. It allows control of the onset of 
bioactivity in living cells with millisecond temporal precision. The mechanism of this 

25 photo-transformation and the applications of caging compounds have been reviewed 
(72,73). A few examples of caged molecules which have had successful applications 
in biology include caged cAMP (74,75), caged nitric oxide (76,77), caged fluorescein 
(78), caged calcium (79,80), caged glutamate (81-83), and caged IP3 (84). 

Commercially available caged inositol triphosphate (IP3) has one of its vicinal 

30 phosphates (either the 4- or 5-phosphate, both of which play critical roles in binding 
to the IP3R) esterified by a nitrophenylethyl group (85). The molecule still has over 
3 negative charges at physiological pH and is membrane-impermeant, so that it can 
only be introduced into cells by techniques that disrupt their plasma membranes. 
The new caged and membrane-permeant IP3 derivatives of the present invention 

35 have all phosphates covered by acyioxy esters and all the hydroxyls concealed by 
suitable protecting groups. 

Among the commonly-used caging groups, 4,5-dimethoxy-2-nitroben2yl 
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(DMNB) group is preferred as the protecting' group for the"6-hydroxyl. Compared 
to other photolabile groups such as nitrobenzyl (NB) or nitrophenylethyl (NPE), the 
absorbance maximum of DMNB is at longer wavelengths (360 nm). Even though 
the quantum yield of DMNB for the photorelease was relatively low, its relatively high 
5 extinction coefficient at 360 nm CSOOO M'^cm*^) increases the overall uncaging 
efficiency (72,75). The methoxymethylene group is preferred to protect the 2- and 
3-hydroxyls for two reasons: firstly, it is relatively small and should not interfere with 
the binding to the IP3R; secondly, this group is a mixed orthoformate ester, which 
makes it very labile to acid hydrolysis and removable with acetic acid (86). An 

10 advantage of leaving the methoxymethylene on the 2,3-hydroxyls is that phosphate 
migration is completely prevented and the absence of hydrogen-bond donors aids 
membrane permeation. In addition, the final active product cannot be metabolized 
by the IP3-3-kinase. However, if one wished to deliver authentic IP3 that can be 
converted to 1,3.4,5-IP^ in vivo, the 3-hydroxyl should be unmasked by acetic acid 

1 5 before administering to cells. The formyl group usually remains on the axial hydroxyl 
group (87). The structures of a preferred caged, membrane-permeant IP3 derivative 
(IP3-CPM) with and without the methoxymethylene is shown in FIG. 1 1 , together with 
their expected mode of action. 



20 synthesis started from racemic diol 111-27. This compound was purified by 
recrystailization from the mixture of three regio-isomers of myo-inositol bisacetonide. 
The commercial availability of this compound provides a route to prepare the 
intermediate, triol V-8 (see FIGS. 12 and 13). In order to cover the 6-hydroxyl with 
DMNB group, a regioselective alkylation method is needed. A few procedures have 

25 been published for selective benzylation of the 6-hydroxyl in the presence of the 1 - 
hydroxyl. These include Garegg's phase-transfer reaction (BnBr, BU4NHSO4, CHfil^, 
5% NaOH, reflux) (93) and Fraser-Reid's tin chemistry (Bu^SnO, BnBr, toluene, reflux) 
(88,89). Similar selectivity is achievable with DMNB bromide due to its structural 
similarity to benzyl bromide. Since nitrobenzyl groups are not very stable under 

30 strongly basic conditions (90), Fraser-Reid's method is preferred because this 
reaction is carried out under neutral conditions and gives better selectivity. Thus, 
refluxing 111-27 with dibutyl tinoxide gave a cyclized dibutylstannylene intermediate. 
The reaction was carried out in a Dean-Stark apparatus to remove water. Direct 
addition of DMNB bromide and cesium fluoride to the dibutylstannylene intermediate 

35 afforded monobenzyiated product V-2 (FIG. 12). A very small amount of 1- 
benzylated isomer was also formed, but it could be removed by flash 
chromatography. * - 



The detailed synthesis of IP3-CPM is set forth in FIGS. 12 and 13. The 
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In order to resolve the racemic myo-inositol derivatives. V-2 was esterified 
with S-(-)-camphanic acid chloride to form a pair of diastereomers. S-(-)-camphanic 
acid chloride has been used before to resolve the racemic 4-0-benzyl-1,2:5,6-di-0- 
cyclohexylidene-myo-inositol (91), which was structurally similar to V-2. After these 
5 two diastereomers are isolated as a mixture on a silica gel 60 column, one of the 
isomers (V-3) can be selectively recrystallized out of the mixture. For comparison, 
another diastereomer, very close to V-3 on thin layer chromatography (TLC), was 
purified to homogeneity in small quantity by flash chromatography. The 'H-NMR 
spectra of these two compounds are very similar except that the chemical shift of 

10 one of the inositol ring-protons is different. 

The trans-acetonide of V-3 was selectively removed in the presence of more 
stable cis-acetonide. Esterification of V-4 and deprotection of cis-acetonide gave diol 
V-6. "Locking" the cis-diol of V-6 with methoxymethylene group turned out to be 
nontrival. Even with a large excess of trimethyl orthoformate and strong catalysts, 

15 such as p-TsOH. TMS triflate or boron trifluoride diethyl etherate, no product (V-7) 
was isolated. This problem appears to originate from the presence of the 1-0- 
camphanate, which might be too bulky and block the 2- and 3-hydroxyls. 
Accordingly, it is preferred that the camphanate of V-3 be replaced with benzoate 
and the diol V-1 3 prepared following the same synthetic route. This procedure is set 

20 forth in FIG. 13. Brief treatment of V-1 4 with acetic acid hydrolyzed 
methoxymethylene group and formed a formate on the axial 2-hydroxyl group, as 
shown by 'H-NMR. Methanolysis of V-1 4 gave the intermediate, triol V-8. Standard 
phosphitylation, oxidation and removal of p-cyanoethyl groups provided 
trisphosphate V-1 6 in 3 further steps. 
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Details of the synthesis are as follows: : . 

/7ac-2,3:4,5-di-0-isopropyiidene-6-0-(4,5-dtmethoxy'2- 
nftrobenzyl)-fnyo-inositol (V-2): Diol 111-37 (2 g, 7.9 mmol) and 
dibutyltin oxide (2 g, 7.9 mmol) were refluxed in 50 mL anhydrous 
toluene in a Dean-Stark apparatus. The water formed during the 
reaction was removed from the organic phase. 3 h later, toluene was 
removed under vacuum. The residue was redissolved in 30 mL DMF. 
CsF (1 .5 g, 1 0 mmol) and 4,5-dimethoxy-2-nitrobenzyl bromide(DMNB 
bromide, 3 g, 10.8 mmol) were then added and the mixture was 
stirred vigorously at room temperature overnight. The mixture was 
diluted with 40 mL CH2CI2 and filtered through a glass fiber filter. 
After removal of the solvent under vacuum, the residue was purified 
on a silica, gel 60 column (hexane/acetone). 2.25 g of product was 
obtained as a pale yellow solid (63%), 'H-NMR (CDCia): 6 1.42- - 
1 .57(m. 1 2H, CH3), 3.65(m, 1 H), 3.9(dd, J=7.9,1 .8 Hz, 1 H), 3.98(s, 3H, 
OCH3), 4.05(s, 3H, OCH3), 4.1 (m, 1H), 4.2(m. 1H), 4.4(t, J=7.2 Hz, 
1H), 4.5(m, 1H), 5.1 (d. J=2.8 Hz. 2H, CH2), 7.38(s, 1H), 7.75(s, 1H). 

D-2,3:4,5-di-0-isopropylidene-6-0-(4,5-dimethoxy-2- 
nttrGbenzyl)-m/o-inosrtol 1-(S)-camphanate (V-3): Compound V-2 
(3.07 g, 6.75 mmol) was dissolved in 70 mL CHfil^, Triethylamine 
(2.4 mL, 1 7 mmol) and a catalytic amount of 4-dimethylaminopyridine 
(DMAP, 50 mg) were included. S-(-)-camphanic acid chloride (1 .7 g, 
7.8 mmol) was added in one portion at O^^C. After stirring at room 
temperature for 3h, the solvent was removed and the residue was 
purified on a isiiica gel 60 column (EtgO/CHgCy. 4.28 g of product 
(1 00%) which contained both diastereomers was obtained. This was 
further separated by recrystallization from acetone/hexane (200 mL, 
1 :1 ). 1 .35 g of crystalline material was obtained from the first crop. 
The second crop gave another 0.46 g crystal which was the same 
diastereomer as the first crop as judged from 'H-NMR. This was later 
confirmed to be D-isomer by IP3 binding assay. 'H-NMR (CDCI3): 6 
0.9-2.05(m, 12H), 2.45(m, 1H), 3.58(t, J=9 Hz. 1H), 3.84-4.02(m, 7H). 
4.37(dd, J=8.2. 6 Hz, 1H), 4.63(t, J=4.6 Hz, 1H), 5.1-5.3(m, 4H), 
7.35(s, 1 H), 7.7(s, 1 H). Aliquots of mother liquor was purified again 
on flash chromatography (silica gel 60, Et20/CH2Cl2) to obtain a small 
sample of L- diastereomer for comparison. L-2,3:4,5-dl-0- 
isopropylidene-B-O- {4,5-dimethoxy-2-nitrobenzyl)-myo-inositol 1 - 



camphanate was a little bit more polar than its D- diastereomer on 
TLC. 'H-NMR (CDCI3): 6 0.9-2.05(m, 12H). 2.45(m, 1H), 3.58(t J=9. 
Hz, 1 H). 3.84-4.02(m. 7H), 4.37(dd, J=8.2, 6 Hz, 1 H), 4.58(t, J=4.6 Hz, 
1H), 5.1-5.3(m, 4H), 7.29(s, 1H). 7.7(s, 1H). 

D-2,3:4,5-di-0-isopropylidene-6-0-(4,5-dimethoxy-2- 
nitrobenzyl)-m/o-lnosrtol (V-9): Compound V-3 (1,81 g, 2.85 mmol) 
was saponified overnight in 25 mL CH2CI2 and 5 mL MeOH containing 

1 .5 g of K2CO3. The mixture was filtered through a glass fiber filter 
and concentrated. It was then purified on a silica gel 60 column and 
used directly for the next step. 

D-2.3:4,5-di-0>isopropyIidene-6-0-(4,5-dimethoxy-2- 
nitrobenzyl)-1-0-benzoyl-myo-inosrtol (V-10): The above compound 
and a small amount of DMAP (50 mg) was dissolved in 15 mL 
pyridine. The mixture was stirred at room temperature for 1 h and the 
solvent was removed under vacuum. The residue was partitioned 
between CH2CI2 and NH^CI solution. The organic layer was dried 
over NagSO^ and concentrated. It was purified on a silica gel 60 
column and used directly for the next step. 

I>2,30isopropylidene-6-0-(4,5-dimethoxy-2-nrtrobenzyl)-1 -O- 
benzoyl-myo-inositol (V-11): The above compound V-10 was 
dissolved in 10 mL CH2CI2 containing 2-mercaptoethanol(0.39 mL, 

5.6 mmol). Boron trifiuoride diethyl etherate (0.1 3 mL, 0.5 mmol) was 
then added. The reaction was monitored by TLC. In about half an 
hour the mixture was purified on a silica gel 60 column 
(CH2CI,/MeOH). ^H-NMR (CDCI3): 6 1.35(s, CHJ, 1.55(s, CH3), 
3.65(t IN), 3.85-4.2(m, 9H). 4.55(t, 1H), 5.1 (d, 1H), 5.35(d, 1H), 
5.47(dd, 1H). 7.1-7.6(m. 5H), 7.95(m. 2H). 

D-2,3-0-isopropylidene-6-0-(4,5-dimethoxy-2-nitroberizyl)-1 ,4,5- 
tri-O-benzoyl-rnyo-inosrtol (V-12): Diol V-11 (0.65 g, 1.26 mmol) was 
dissolved in 4 mL pyridine containing a catalytic amount of DMAP (30 
mg). Benzoyl chloride (0.44 mL, 3,78 mmol) was added in portion 
and the reaction was continued at room temperature for 2 h. After 
removal of the solvent under vacuum , the residue was partitioned 
between CH2CI2 and NH^CI solution. The organic layer was dried 
over NagSO^ and concentrated. It was purified on a silica gel 60 
column and 0.8 g of pale yellow syrup (94%) was obtained. This 
material was used directly for the next step. 
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D-6-0-(4,5-dimeth6xy-2-nitroben2yI)-1 ,4.5-tri-0-ben2oyl-myo- 
inositol (V-13): Compound V-12 (0.8 g, 1.1 mmol) was dissolved in 
10 mL CHgClg containing 2-mercaptoethanol(0.31 mL. 4.4 mmol). 
Boron trifluoride diethyl etherate (0.05 mL, 0.19 mmol) was then 
added. The reaction was monitored by TLC. In 3h, the reaction was 
quenched by adding triethylamine (60 jiL). The product was purified 
on a silica gel 60 column (toluene/ethyl acetate) and 0.6 g of light 
yellow solid (80%) was yielded. 'H-NMR (CDCy: 8 3.7(s, 3H, OCH3), 
3.85(3. 3H. OCH3), 4.0(dd, J=9.5, 2.7 Hz, 1 H, H3), 4.35(t, J=2.6 Hz, 
1 H. H2), 4.58(t, J = 10 Hz, 1 H. Hq), 5.0-5,25(m, 2H). 5.3(dd, J = 10.1 , 2.6 
Hz, 1H, HJ, 5.6>5.85(m, 2H, HVH5), 7.1-8.15(m, 17H). 

I>2,30fnethoxymethylene-6-0-(4,5-dimethoxy-2-nrtrobenzyl)- 
1 ,4,5-tri-0-benzoyl-/77yO'inosrtol (V-14): Diol V-13 (0.6 g, 0.88 mmol) 
was mixed with 2 mL CH2CI2 and 1 mL DMF. Boron trifluoride diethyl 
etherate (0.03 mL, 0.1 14 mmol) and excess trimethyl orthoformate (1 
mL) were added. After 5 h at room temperature, the reaction was 
quenched by adding triethylamine (60 \xL), The solvent was removed 
under vacuum and the residue was purified on a silica gel 60 column " 
(hexane/ethyl acetate). 0.5 g of light yellow syrup (78%) was yielded 
and was used directly for the next step. 

l>2,3-OHTiethoxymethylene-6-0-(4.5-dimethoxy-2-nitroberizyl)- 
myo-inositol (V-8): V-14 (0.5 g, 0.69 mmol) was dissolved in 2 mL 
CH2CI2 and 12 mL MeOH. KgCOg (1.4 g, 10.3 mmol) was added; and 
the reaction was continued at room temperature for 24 h. The 
mixture was filtered through a glass fiber filter and concentrated. The 
residue was first passed through a short silica gel 60 column to 
remove salt. It was then purified on a silica gel 60 column (ethyl 
acetate/MeOH), A small amount of incompletely saponified products 
were eluted out before the desired product. One of them ^was 
dibenzoylated product, MS m/z 594.4(M-OCH3)"', expected 594.56 
(CaiHg^OiaN, - OCH3)*, and the other was monobenzoylated product, 
MSm/z490.3(M-OCH3)",expected490.45(C24H2,O,2N,-OCH3)*. 150 • 
mg of product was obtained as a pale yellow solid after dried in 
vacuum. 'H-NMR (CDCI3 /d-MeOH, 10:1): 6 3.37(s, 3H, OCH3), 3.4- 
4.1 (m. 11H), 5.2(s, 3H), 5.37(t, 1H), 7.45(d, 1H), 7.52(s, 1H).MS m/z 
386.1 (M-OCH3)*, expected 386.34(C,7H230,,N, - 0CH3)^ 

D-2,3-0-metho)^iethylene-&-0-(4,&<limethoxy-2-nitroben2yl)- 



myo-inositoM ,4,5-trisphosphatehexakis(p-cyanoethyl)ester(V-15): To 
a solution of 75 mg (0.18 mmol) of triol V-8 and 0.24 g (0.9 mmol) of 
N,N-diisopropyl-bis(p-cyanoethyl)phosphoramidite in 1 mL CH3CN was 
added 49 mg (0.7 mmol) of tetrazole dissolved in 1 mL CHgCN. After 
stirring at room temperature for 0.5 h, 0.4 mL tert-butyl hydroperoxide 
(3M solution in 2,2,4-trimethylpentane) in 1 mL CHgClg was added in 
one portion at 0°C. After addition, the solution was warmed up to 
room temperature in 0.5 h and another 0.1 mLt-BuOOH solution was 
added. 10 min later, the solvent was removed under vacuum. The 
residue was loaded directly onto a silica gel 60 column and eluted 
with CHjCls/MeOH (15:1). Evaporation of solvent provided 0.1 4g 
(79% for 2 steps) of product as a light yellow glass. MS m/z 
944.39(M-OCH3)^ expected 944.69(C35H^02oN,P3 - OCH^)\ 

D-2,3-(>methoxymethylene-6-0-(4,5-dimethoxy-2-nitrobenzyl)- 
/77yo-inositql 1 ,4,5-trisphosphate (V-16), ammonium salt: The above 
trisphosphate V-15 (0.14 g, 0.143 mmol) was suspended in 1 mL 
methanol and 6 mL concentrated NH4OH. The solution was heated 
at 70"* C for 1 .5 h and lyophilized. The resulting pale yellow solid was 
used directly for the next step. 

I>2,30-niethoxymethyiene-6-0-(4,5-dimethoxy-2-nitrobenzyl)- 
myo-inositol 1 ,4,5-trisphosphatehexakis(propionyloxymethyi)ester (V- 
1): Half of the above material was mixed vigorously with 0.5 mL 
CH3CN and 0.1 mL DIEA. The mixture was then dried under vacuum. 
This procedure was repeated at least three times until a homogenous 
solution was obtained after adding CH3CN/DIEA ( Sonication may be 
used to help solubilization). At this time, the counter-ion of the 
phosphate had presumably been exchanged from ammonium ion to 
diisopropylethylammonium ion. After a final round of drying, the pale 
yellow solid was suspended in 0.5 mL CH3CN and 0.1 mL DIEA. 100 
mg (0.55 mmol) of bromomethyl propionate was added to this 
solution. After stirring for 1 day, another 40 mg of bromomethyl 
propionate was added and the reaction was continued for another 24 
h. The solvent and excess reagent were evaporated under vacuum. 
The remaining mixture was purified on silica gel column using ethyl 
acetate as eluant. 1 0 mg of product (1 2% for 2 steps) was obtained 
as a light yellow glass. ^'P-NMR (CDCy: 6 (-4.6, broad) MS: exact 
mass calcd for (C4,H62032NP3 + Cs*) 1305.1444, observed 1305.1481 
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(2.8 ppm). 



5 



D-2,3<)-memoxymethylene-6-0-(4,5-dimethoxy-2-nitrobenz^ 
myo-inositol 1 ,4,5-trisphosphate hexakis(acetoxymethyi)ester: This 
was synthesized in a similar manner as above except using 
bromomethyl acetate as esterification reagent. 8 mg product (10 %) 
as a light yellow glass. ^'P-NMR (CDCy: 6 -4.55(s. 1P), -4.65(s, 2P). 
MS: exact mass calcd for (CagHgoOagNPa + Cs*) 1222.0583, observed 
1222.0533 (4.1 ppm). 



10 Exemplary Syntheses of analogs of IP ^-CPM 

To produce the compounds with R3 being photolabile protecting groups other 
than 4,5-dimethoxy-2-nitroben2yl as described aboye, the 4,5-dimethoxy-2-nitrobenzyl 
bromide presently used to convert 111-37 to V-2 (see FIG. 12) is replaced by the 
chloride, bromide, iodide, or tosylate of the appropriate photolabile protecting group, 

15 i.e. (R3)CI, (R3(Br, (R3)l, or (R3)OTs. 

To produce the compounds with R^ and together being -CHg-, -CHMe-, 
-CMeg-, -CMe(OMe)-, or -C(OMe)2-, the trimethyl orthoformate used in the preparation 
of V-14 (see FIG. 13) is replaced respectively by dimethoxymethane. acetaldehyde 
dimethyl acetal 2,2-dimethoxypropane, trimethyl orthoacetate, or tetramethyl 

20 orthocarbonate, as known in standard methods for preparing cyclic ketals and 
orthoesters. 

To produce the structures R^ = H and R, = H or -CHO, the synthetic scheme 
outlined in FIG. 16 can be followed. Brief incubation of V-1 with an 
acetic/trifluoroacetic acid mixture removes the methoxymethylene bridging the 2,3- 

25 hydroxyls and gives the above products, both of which have free 3-hydroxyls (Rg = 
H). Longer incubations will shift the product distribution towards de-esterification of 
the 2-hydroxyI (R, = H). The same synthetic strategy is applicable to other acid 
labile groups, such as acetonide, orthoacetate, or orthocarbonate. For example, the 
structure with R, = -COCH3 would result from brief acid treatment of the 

30 orthoacetate, in which R^ and R2 together had been -CMe(OMe)-: The structure with 
R, = -COOCH3 would result from brief acid treatment of the orthocarbonate, in which 
R^ and Rg together had been -C(OMe)2-. 

An exemplary synthesis procedure for making analogs where X=S, is set 
forth in FIG. 17. The fert-butyl hydroperoxide used in the synthesis of V-1 5 would 

35 be replaced by a sulfur donor such as benzoyl disulfide. For example, the caged 
membrane-permeant derivative of myo-inositol 1 ,4,5-trisphosphorothioate (IPS3-CPM) 
would be synthesized by a slight modification of the synthetic strategy used for 
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making IP3-CPM. Phosphitylation of triol V-8 gives a phosphite triester intermediate 
which provides the tris(phosphorothioate) upon treatment with benzoyl disulfide. 
Removal of p-cyanoethyl groups and esterification of the resulting 
tris(phosphorothioate) will give the target molecule with X=S. If a free 3-hydroxyl 
group is desired, the orthoformate or other acid labile moieties (acetonide, 
orthoacetate, or orthocarbonate) bridging the 2- and 3- positions can be similarly 
removed by acid treatment as described above. 

An exemplary synthesis procedure for making analogs where = 
-P(0){OR,)(XRJ. i.e. 

\ ORa ^^^^ caged membrane-permeant myo- 



inositol 1 ,3,4,5-tetrakisphosphate (IP^-CMP). is set forth in FIG. 18. The 3-hydroxyl 
of V-8 would be deprotected by acid (e.g. acetic acid with a catalytic amount of 
trifluoroacetic acid), leaving a formate ester on the 2-position. Standard 
phosphitylation, oxidation and removal of p-cyanoethyl groups analogous to the 
preparation of V-15 will install phosphates on the 1 ,3.4,5-positions. The 2-hydroxyl 
will be de-esterified in the process of cleaving the p-cyanoethyl groups with 
ammonia. Esterification of the tetrakisphosphates with bromomethyl acetate, 
propionate or butyrate yields the target molecules in which R, = H. If R, = -CHO. 
-COCH3, or -COOCH3 is desired, the 2-hydroxyl can be re-esterified at this stage 
using acetic formic anhydride, acetic anhydride, or methyl chloroformate respectively, 
since the 2-position carries the only free hydroxy!. It should be noted that step d in 
FIG. 17 and step 3 in FIG. 18 are optional and are needed only if one wishes to 
be H, i.e. for 3-hydroxyl to be free. 

Bovine cerebellum microsomal fractions, which are a rich source of IP3 
binding protein, were prepared and used for pHJiPj binding assay. The preparation 
bound to [^HJlPa with high affinity and the binding was competitively inhibited by cold 
D-IP3 in a dose dependent manner. The IC50 of D-IP3 was about 8 nM. In agreement 
with the published data, L-IP3 had negligible affinity to IP3R. Thus, if V-16 was 
derived from D-isomer, its photolysed product, i.e. D-0-2,3-methoxymethylene-/77yo- 
inositol 1 .4.5-trisphosphate, should have a high affinity to the IP3R; othenA/ise its 
photolysed product would have minimum effect on the binding of [^H]\F^ to the 
receptor. 

The caged IP3 derivative V-16 showed negligible binding to cerebellar 
microsomes because its 6-hydroxyl was blocked. Upon photolysis at 366 nm, V- 
16 displayed a UV-dose-dependent increase of binding to the receptor. In about 
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2 hours, the binding leveled off because longer exposure to UV light did not change 
the binding activity significantly, indicating most of V-16 was photolyzed. At this 
point, the crude photolysis product from 100 pmol V-16 was equivalent in binding 
activity to 32 pmol of authentic IPg. Assuming the chemical yield of the uncaged 
5 product is 1 00%, its affinity for the IP3 receptor is only 3-fold weaker than that of real 
IP3. If the chemical yield were lower than 1 00%, the affinity of the photolysis product 
would have to be even closer to that of IP3. This example shows that the photolysis 
product of V-16 is D-2,3-methoxymethylene-myo-inositol 1 ,4,5-trisphosphate, which 
means that V-16 was derived from precursors of D-configuration, The absolute 

10 stereochemistry of V-3 and its diastereomer was thus assigned. 
In vivo tests of caged membrane-permeant IP3 

In 1321N1 astrocytoma cells, extracellular addition of 20 ^lM IP3-CPM had 
no effect on [Ca^"-], even after incubation for over 5 minutes (FIG. 14(a)). The [Ca^""], 
was monitored using the calcium indicator fluo-3 rather than fura-2 to keep the 

15 excitation wavelength of the indicator (490 nm) far from the uncaging wavelength 
(360 nm) of DMNB group. Subsequent illumination of the cells with UV (360 nm) 
through the microscope objective for a short period of time (1 0 seconds) caused an 
almost saturating [Ca^"*"], increase. Compared to the photolyzing set-up (direct 
illumination by a hand mercury lamp) used for the IPg-binding assay, the optical 

20 throughput from the source lamp to the specimen is much higher in a microscope, 
so 10 seconds (as opposed to 2 hours in IP3 binding assay) of photolysis was 
sufficient to produce enough IP3 to elicit [Ca^*],. increase. The same amount of UV 
alone had no effect at all on [Ca^*]j in cells not treated with IP3-CPM. After 
recovering from uncaging of IPg-CPM, the cells responded to subsequent carbachol 

25 and thapsigargin stimulation normally, lonomycin further raised [Ca^*]i to a 
saturating level. 

A similar response to IP3-CPM was also observed when the experiment was 
done in calcium free medium (FIG. 14(b)). This confirmed that the [Ca^"]; increase 
due to uncaging of IP3-CPM resulted from internal Ca^* release, which was 

30 consistent with the normal mechanism of IP3 action. Carbachol and thapsigargin 
were still able to cause further Ca^* release, suggesting that the internal stores were 
only, partially emptied by the first dose of uncaged IP3 analog, or that they had 
substantially refilled with Ca^* after that agonist had been metabolized, lonomycin 
was added at the end of the experiment, but it only caused a small and transient 

35 [Ca^*]j increase, possibly from some IPg-insensitive stores. 

Another example was carried out in P388D, macrophage-like cells. The 
results were the same as the astrocytoma cells and are shown in FIG. 15. ' 
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Extracellular addition of 20 \iM IP3-CPM had no effect on [Ca^*]j even after 
incubation for over 5 minutes. Photolysis for 10 seconds (360 nm) released a fair 
amount of Ca^* from internal stores. Compared to the experiments done in 
astrocytes, Ca^" influx in P388D, cells after uncaging was less obvious, and 
5 subsequent stimulation with PAF gave smaller [Ca^'']i increase, possibly the internal 
stores were not refilled yet. Studies by Asmis et al. (92) have shown that, in PSSSD, 
macrophage-like ceils, PAF stimulated PGEg production is mediated through two 
separate signals: IP3 induced [Ca^*]; increase and another unidentified signal. IP3- 
CPM might serve as a new tool for detailed study of PGE2 formation and AA release 

10 in relation to IP3 and [Ca^*]^ in these cells. One of the major advantages of using 
permeant IP3 derivatives is that experiments can be easily carried out in a population 
of cells, which is required for the measurement of AA release and PGEg formation. 

The above examples show that IP3-CPM crossed the cell membrane and its 
PM esters underwent intracellular hydrolysis. The resulting caged IP3 analog (V-16) 

1 5 was inactive in releasing Ca^", which was consistent with the in vitro [^HJlPa binding 
experiment. Upon photolysis, the caged IPg analog V-16 rapidly formed active D-2,3- 
methoxymethylene-myo-inositol 1 ,4,5-trisphosphate, which has an affinity to IP3R at 
least one third that of IP3, and induced internal Ca^"^ release. Furthermore, V-16, 
once it was released intracellularly, was well retained in cells and was also 

20 metabolically fairly stable. 

In human embryonic kidney cells (HEK cells), the extracellular IP3-CPM was 
washed away after the cells had been loaded with 50 iiM of IP3-CPM for 20 minutes. 
Photolysis of the cells in the field for 1 ms with a capacitor-discharge flash lamp 
resulted in a transient increase in [Ca^^].. The ability of the cell's [Ca^*]^ to respond 

25 to each flash persisted for up to a dozen repetitions. Cells in the same dish which 
had not been exposed to UV light were kept in the dark for over 6 hours. Photolysis 
of these cells still gave [Ca^*]i increases similar to those obtained immediately after 
being loaded with IP3-CPM. This shows that caged IP3 (V-16) was resistant to 
phosphatase degradation and could be trapped inside cells for a long period of time 

30 without losing much of its activity. The photolysis product of V-16 can not be 
phosphorylated into 1 ,3,4,5-IP4. However, pretreatment of IP3-CPM with acetic acid 
will unmask the 3-hydroxyl and enable the intracellular phosphorylation of delivered 
IP3. 

Another caged, membrane permeant IP3 derivative, 1 ,4,5-triphosphate hexakis 
35 (acetoxymethyl) ester (iPg-CAM), was also synthesized from V-16 using AM bromide 
as esterification reagent. Biological tests of this compound in astrocytes gave similar 
response as IP3-CPM, yet higher concentration of IP3-CAM (30 \iM) and longer 
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incubation time (more than 15 minutes) were required, possibly because of the 
decreased membrane permeability of the prodrug. 

As is apparent from the above examples, a number of caged and membrane- 
permeant IP3 derivatives can be prepared using the above described general and 
5 specific procedures. These cage derivatives display a faster onset of activity which 
can be triggered by a flash of UV light and can be controlled with millisecond 
temporal resolution. In 1321N1 astrocytoma cells, extracellular concentrations of 
only 10® to 10'^ M of IP3-CPM were able to elicit maximal Ca^* release upon 
uncaging. In addition, IP3-CPM has all the hydroxyls of IP3 blocked by suitable 

1 0 protecting groups, thus eliminating the possibility of phosphate randomization during 
the delivery process. This irhproves the efficiency and isomeric specificity of IP3 
delivery. The hydrolysis product of IP3-CPM, i.e. caged IP3 (V-16), was fairly resistant 
to phosphatase degradation. UV exposure of the HEK cells loaded with IP3-CPM 6 
hours previously still gave full-scale [Ca^*]j increases. These properties are useful 

15 for various biological applications. In addition, IP3-CPM was found to be chemically 
more stable than commercially available caged IP3 where one of the vicinal 4- or 5- 
phosphates is randomly masked by one NPE group. 

Pei^meant inositol polyphosphate derivatives as described above are useful 
to investigate longer-term effects on cells not mediated through cytosolic [Ca^*]^. 

20 For example, possible effects on protein synthesis, phosphorylation, proliferation 
(49), or gene expression are relatively difficult to study on microinjected, patch- 
clamped, or permeabilized cells. 

Inositol polyphosphates are among the most ubiquitous and important 
intracellular second messengers. They are essential for hormone secretion and 

25 action, smooth muscle contraction, immune activation, fertilization, and neuronal 
function." As previously mentioned, the best known inositol polyphosphate is myo- 
inositoM ,4,5-triphosphate (IPg), which acts by releasing Ca^* from intracellular stores. 
IP3 undergoes further metabolism to a series of inositol polyphosphates of largely 
unknown biochemical function, A major problem in investigating the biological 

30 functions of inositol polyphosphates is their membrane impermeability. All existing 
techniques for delivering exogenous inositol polyphosphates into cells require 
puncture of their plasma membranes by techniques that jeopardize the cells' viability 
and are often applicable only to single cells. The inositol polyphosphate derivatives 
in accordance with the present invention provide a solution of this problem because 

35 they are membrane-permeant and they regenerate into biologically active inositol 
polyphosphates once inside the cell. 

The acyloxyalkyi esters of phosphate-containing second messengers in 
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accordance with the present invention may be used in any situation where it is 
desirable to introduce the second messenger into a cell without puncturing the cell 
membrane or othenA/ise adversely affecting the cell. The present invention is useful 
as a replacement for the existing methods which rely on microinjection, patch-clamp 
5 and electroporation techniques to introduce phosphate-containing second 
messengers into cells. 

The acyloxyalkyi esters are Introduced into the selected cells by simply 
exposing the cells to the esters in cell growth media or other suitable solution. The 
amount of ester which is introduced into the cell can be controlled by reducing or 
10 increasing the concentration of ester present in the cell growth media. The amount 
of ester which permeates into the cell may also be controlled by limiting the amount 
of time that the cells are left exposed to the ester. 

When using caged compounds, the additional step of exposing the cells to 
UV radiation is required. UV light at wavelengths around 360 nm is preferred. 
15 However, other wavelengths within the UV spectrum may be used provided that the 
selected wavelength is sufficient to uncage the protected compounds. The particular 
wavelength and degree of exposure required to uncage the protected compounds 
can be established for each case using well known procedures for exposing cells 
to UV radiation. 

20 Having thus described exemplary embodiments of the present invention, it 

will be understood by those skilled in the art that the within disclosures are 
exemplary only and that the invention is only limited by the following claims. 
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CLAIMS 



What is Claimed is: 

1 . A compound having the formula 



R4x-p-o-^::iJ XR4 

R^O-P-O-^T-^O-P-oR^ 



10 wherein R, is H, -CHO, COOCH3 or -COCH3; is H or -P(0){ORJ(XRJ; or R, and 
Rj together are -CHj-, -CHMe-, -CMe^-, -CH(OMe)-, -CMe(OMe)- or -C(OMe)2-; R3 is 
a photolabile protecting group selected from the group consisting of; 



15 



MeO 




OMe 



MeO' 





OMe 






SDOCID: <WO 9a267B6A1_L> 



wo 98/26786 ^^897/22547 

45 

Wherein Re = H, Me, CH3CO; 



O O O 

-CHzO-^CHa -CH20^CH2CH3. -CHzO-^CHjCHjCHa 

5 

X is O or S. 

2. A compound according to claim 1 wherein X is O. 

10 3. A compound according to claim 2 wherein Fl, is 1^ NO-» 

(I " 

MeO'^ 

OMe 

O 

A 

15 4. A compound according to claim 2 wherein is -CH2O CH2CH3 

5. A compound according to claim 3 wherein R, is ^ 

-CH20'^CH2CH3 



20 6. A compound according to claim 2 wherein R, and R2 together are 

-CH(OMe). 




25 



7. A compound according to claim 6 wherein Rj is 

MeO' 




NO2 



OMe 



30 



8. A compound according to claim 6 wherein is .cH->0'^CH2CH3 



9. A compound according to claim 7 wherein R4 is 9 

.CH20^CH2CH3 



SX3CI0: <WO 9826786A1.L> 



wo 98/26786 PCT/US97/22547 

46 

10. A method for introducing phosphate-containing second messengers 
into a cell without disrupting the cell membrane, said method comprising the steps 
of: 

contacting said ceil with a compound having the formula 

5 



10 



wherein R, is H, -CHO, COOCHg or -COCH,; is H or -P(0)(ORJ(XRJ; or R, and 
R^ together are -CHj-, -CHMe-, -CMe^-, -CH(OMe)-, -CMe(OMe)- or -C(OMe)2-; R, is 
a photolabile protecting group selected from the group consisting of; 



20 
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10 



15 



MeO 




OMe MeO 
wherein Rg = H, Me, CH3CO; 

O O 

R, IS ¥ jr 





O 

X 

-CHaO-^CHjCHzCHa 



; and 



X is O or S; 

said contact being for a sufficient time to provide permeation of said 
caged compound into said cell; and 

exposing said cell to a sufficient amount of ultraviolet radiation for 
a sufficient time to uncage said caged compound. 



20 



25 



30 



35 



11. A method according to claim 10 wherein X is O 



12. A method according to claim 1 1 wherein R3 is 



13. 
14. 
15. 

-CH(OMe). 



17. 



18. 



MeO 




NO2 



OMe 



O 

A method according to claim 1 1 wherein R, is Jl 

-CH2O CH2CH3 



A method according to claim 12 wherein R, is 
A method according to claim 11 wherein R, and Rj together are 



o 
U 

.CH2O CH2CH3 



16. A method according to claim 15 wherein R, is 



MeO 




NO2 



OMe 



A compound according to claim 15 wherein R, is 9 

.CH20''^CH2CH3 



A compound according to claim 16 wherein R, is jl 

.CH2O CH2CH3 
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